Abstract Hydrolytic enzymes involved in chitin degradation are important to allow moulting during insect development. Chitinases are interesting targets to disturb growth and develop alternative strategies to control insect pests. In this work, a chitinase from the aphid Myzus persicae was purified with a 36-fold purification rate in a three step procedure by ammonium sulphate fractionation, anion-exchange chromatography on a DEAE column and on an affinity Concanavalin A column. The purified chitinase purity assessed by 1D and 2D SDS-PAGE revealed a single band and three spots at 31 kDa, respectively. Chitinases were found to have high homologies with Concanavalins A and B, two chitinase-related proteins, a fungal endochitinase and an aphid acetylhydrolase by peptide identification by Maldi-Tof-Tof. The 
Introduction
With a turnover of 10 gigatons per year, chitin is one of the most abundant natural polymers worldwide [20] . Absent from plants and vertebrates, this compound is present in numerous organisms, especially in the cell walls of fungi and in insect integuments, trachea and peritrophic membrane. Owing to the rigidity of their chitinous exosqueleton, the growth of arthropods implies a cyclic degradation and recycling of chitin. Synthesis and degradation of chitinous structures constitute a promising avenue of research to manage crop pathogens and pests.
Chitin turnover involves two types of enzymes: chitin synthase for its synthesis and chitinases for its degradation. In insects, chitinases (EC 3.2.1.14) are mainly synthesised just before ecdysis and are responsible of the degradation of old cuticlar structures. These hydrolytic enzymes are found in chitin-containing organisms as well as in organisms that do not contain chitin, such as plants, bacteria and vertebrates. In these organisms, chitinases may have a defensive role against pathogens or pests [15] .
Chitinases from diverse origins were tested to be used in crop protection programmes by overexpression in transgenic plants to induce plant pathogen resistance [28] and to cope with insect attacks [19] . Although chitinases have a defensive role against plant pathogens, overexpression of chitinases from various origin, excluding those of insects, is not amenable to manage insects. Only chitinases from insects were shown to be toxic to insect pests, as Lepidopteran chitinases expressed in tobacco plants that induced deleterious effects on several Lepidopteran species [10, 11, 13] .
Aphid attacks induce plant defences with the synthesis of PR proteins, among which are chitinases. However, aphid growth is undisturbed on plants that express high levels of chitinases. Furthermore, an insect and a bacterial chitinase induced probiotic effects on the green peach potato aphid Myzus persicae Sulzer (Homoptera, Aphididae) when respectively expressed in transgenic potato plants or delivered in vitro via an artificial diet [23] . Due to the poor aphicidal effects of chitinase, the relevance of chitinase-based strategy was questioned to manage insects [24, 25] . In contrast, two insect chitinase inhibitors, allosamidin [26] and psammaplin A [29] , and an oligosaccharide that mimics allosamidin [5] have been shown to induce high mortality rates and reduce fecundity of M. persicae when fed with artificial diet [5, 24] . Among all insect chitinase proteins isolated from Lepidoptera [1, [16] [17] [18] , Coleoptera [12, 33] and Diptera [7, 33, 34] , only 14 protein sequences are available [31] . Moreover, most investigated chitinases were from Lepidopteran species such as Manduca sexta and Bombyx mori [16] , two important economic Lepidopteran pests. Although aphids are very important economic pests by feeding on crop plants and by transmitting phytoviruses [3, 4] , no chitinase was characterised from Sternorrhyncha.
For the first time, we describe the purification of an aphid chitinase from M. persicae, one of the most polyphagous aphid. This purification constitutes a step that will allow: (1) the acquisition of original knowledge on aphid chitinases, (2) the determination of aphid chitinase nature and (3) the confirmation of the inhibitory activity of allosamidin and psammaplin A on aphid chitinase.
Materials and Methods

Plants and Insects
Potato plants (Solanum tuberosum cultivar Désirée) were grown in a controlled environmental room at 20 ± 1°C and under a 16-h light/8-h dark photoperiod. These parthenogenesis-inducing conditions were used to maintain the colony of M. persicae on plants in the laboratory for several years.
Chitinase Purification
Whole aphids (3.6 g of fresh weight from nymphs and adults) were homogenised in a blender in 0.02 M Tris-HCl buffer at pH 7.4 on ice (here after crude extract or CE). The homogenate was filtered (45 μm Millipore filter) and centrifuged for 15 min at 15,000 rpm at 4°C. The supernatant was fractionated with ammonium sulphate. A first protein precipitation at 35% salt concentration was removed and a second protein precipitating at 65% saturation was isolated, centrifuged for 15 min at 15,000 rpm at 4°C and the supernatant removed. The precipitated protein pellet was suspended in 20 mM Tris-HCl buffer pH 8.8 (TB) and dialysed overnight against 1,500 volumes of TB, to remove the ammonium sulphate (step 1). The dialysate was then applied to a C10/20 column (GE Healthcare, UK) of DEAE-650 Fractogel column (VWR) previously equilibrated with TB. Chitinase was separated using a 0-0.4-M NaCl gradient in TB (step 2). Chitinase active fractions were pooled and applied to a Concanavalin A column (Sigma Sigma-Aldrich Co., USA) previously equilibrated with a 0.02-mM Tris pH 7.4 including 0.5 M NaCl and 0.001 M of CaCl 2 , MgCl 2 , MnCl 2 and DTT. Elution of chitinase active fractions was performed using the same buffer including 0.65 M methylmannoside (step 3). An automatic collector (GE Healthcare) was used to obtain 1 mL fractions.
Enzymatic Chitinolytic Assays and Protein Quantification
Protein content was determined by the method of Bradford [4] using bovine serum albumin as a standard. Chitinase activity measurement was adapted from Wu et al. [32] . Briefly, chitinase activity was measured by monitoring the hydrolysis of CM-Chitin-RBV (2 mg/mL; LOEWE Biochemica GmbH, Germany) as substrate. Each assay was performed using 50 μL of sample using a 1-mL reaction volume in a microtube containing 200 μL citrate phosphate buffer (0.2 M; pH 4.5) and 200 μL CM-Chitin-RBV. After incubation (2 h at 37°C), hydrolysis was stopped by adding 200 μL of HCl (2 N) to precipitate non-degrading CMChitin-RBV and the sample was stored on ice for 15 min. After centrifugation (5 min at 12,000 rpm at 4°C), the absorbance of the supernatant was monitored at 550 nm (Shimadzu UV-160A spectrophotometer, Japan) against a blank (prepared with all the chemicals without chitinase). One enzyme unit corresponds to 1 μmol of substrate hydrolysed per minute. Chitinolytic activity was calculated as the absorbance variation at 550 nm per minute (Δ550/min/mL). Specific activity was calculated as Δ550/min/mg.
Inhibitory Activity Assay
Allosamidin and psammaplin A were respectively provided by Dr. Sakuda (University of Tokyo, Japan) and Dr. Tabudravu (University of Aberdeen, Scotland, UK). Inhibition of purified chitinase M. persicae by allosamidin and psammaplin A was tested by incubating 5 μg of purified chitinase mixed with different concentrations of each inhibitor (1, 10 and 50 μg/mL) corresponding to the concentrations tested previously in aphids [24] . Residual chitinase activity was measured 1, 2 and 3 h after the addition of inhibitor as described in the previous section, using the colorimetric assay based on CM-Chitin-RBV hydrolysis.
1D and 2D Electrophoresis
For analytical SDS-PAGE, samples were diluted 1:2 (v/v) with a solubiliser (1% SDS; 0.02% bromophenol; 1% β-mercaptoethanol in Laemmli sample buffer) and boiled for 3 min before electrophoresis. For 1D electrophoresis, proteins and molecular weight standards were loaded in a stacking gel (3.5% acrylamide, 0.5 M Tris-HCl buffer pH 6.8).
Proteins were dissociated in a separation gel (12.5% acrylamide; 0.01% SDS; 1.5 M TrisHCl buffer pH 8.8). Electrophoresis was carried out in Laemmli running buffer (0.2 M glycine; 0.1% SDS; 0.025 M Tris, pH 8.3), at 100 V and 50 mA for 2 h in a S-lab gel system (BioRad, USA). The LMW-SDS Marker Kit (GE Healthcare) was used for molecular mass standards. The gels were directly silver-stained.
The purified protein was submitted to a 2D electrophoresis to determine its isoelectric point (pI). For the first dimension, 5 μg of protein was dissolved in rehydratation buffer (8 M urea; 4% CHAPS; 0.02 M DTT; 0.1% Bio-lytes ampholytes; 0.001% bromophenol blue) and loaded on IPG strips (7 cm, pH 4-7 ReadyStrip TM, Biorad) for IEF (Protean IEF Cell, BioRad). After an active rehydratation (50 V, overnight), strips were run at 20°C with a stepwise increase of voltage (conditioning step 250 V for 15 min; rapid voltage ramping step 4,000 V for 2 h at 50 μA/strip; final focusing step 10,000 V/h for 2.75 h at 50 μA/strip; hold step 500 V). Then, strips were soaked and incubated 15 min in an equilibrating buffer I (6 M urea; 2% SDS; 0.375 M Tris-HCl buffer pH 8.8; 20% glycerol and 0.130 M DTT) and 15 min in an equilibrating buffer II (6 M urea; 2% SDS; 0.375 M Tris-HCl buffer pH 8.8; 20% glycerol and 0.135 M iodoacetamide). For the second dimension, strips were loaded on separation gels and carried out as described before. After the 2D electrophoresis, proteins were stained with silver nitrate.
Protein Identification
Proteins from 1D and 2D gels were manually excised and gel plugs were washed three times with ammonium hydrogenocarbonate 0.05 M. Two additional washes were performed with 100% acetonitrile to dehydrate the gel before being rehydrated with freshly activated trypsin (10 ng/μL, ammonium hydrogenocarbonate 0.05 M) at 8°C for 30 min. Trypsin digestion was performed for 3 h at 30°C. Peptide extraction was performed with 10 μL of 1% formic acid for 30 min at 20°C. Protein digests were adsorbed for 3 min on prespotted anchorchips Bruker®. Spots were washed 'on-target' (0.01 M dihydrogeno-ammonium phosphate; 0.1% TFA-MilliQ water) to remove salts. Peptide mass analysis was performed on an Ultraflex II system (Bruker). Mass data acquisition was performed in the mass range of 800 to 3,800m/z using the Standard Enhanced mode. Successful spectra per sample were treated using Flex Analysis 2.4 software (Bruker) and subsequently submitted in the batch mode of the Biotools 3.0 software suite (Bruker) with an in-house hosted Mascot search engine (MatrixScience.com) to two databases. The NCBInr database and a homemade aphid database constituted of available EST and contig sequences database were used. A mass tolerance of 80 ppm with close calibration and one missing cleavage site were allowed. Partial oxidation of methionine residues and complete carbamylation of cysteine residues were considered.
Results
Chitinase Purification
Step 1 allowed the elimination of a large amount of proteins and the recovery of more than 110% of the total chitinase activity from crude extract ( Table 1) . Protein fractions with chitinolytic activity were eluted with 0.3 M NaCl during the second step on an anionexchange chromatography on DEAE-650 Fractogel column (Fig. 1) . At step 2, we obtained a 9.6-fold purification (based on a 1.00 value for the crude extract), allowing the recovery of more than 20% of chitinolytic activity. After step 3, chitinase-containing fractions were 36-fold purified compared with the crude extract.
1D and 2D Electrophoresis and Protein Identification
Each fraction resulting from each purification step of chitinase purification was analysed on 1D electrophoresis gels (Fig. 2a) . The purified chitinase fraction issued from step 3 revealed the presence of a single polypeptide band of approximately 31 kDa (Fig. 2a, lane 3) . 2D electrophoresis revealed the presence of three major spots at 31 kDa with pI from 5.0 to 6.0 (Fig. 2b) . The peptides from the trypsin-digested protein excised from the gel matched with only four known proteins (Table 2) . Concanavalin A and B from Canavalia spp., whose molecular weights are approximately 25.5 kDa, shared the highest sequence coverage with the peptides issued from the purified chitinase (respectively 66% and 38%). The purified chitinase also matched with 25% of a 23.6-kDa acetylhydrolase sequence from the aphid Acyrthosiphon pisum. The last protein is an endochitinase from the fungus Coccidioides immitis which shared 12% of protein sequence with the chitinase of M. persicae. All these proteins have isoelectric points comprised between 5.22 and 6.43, a range that corresponded to the three spots obtained with the chitinase of M. persicae (Fig. 2b) .
Chitinase Inhibition Assays
Inhibition of the purified M. persicae chitinase by allosamidin (Fig. 3a) and psammaplin A (Fig. 3b) depended on the concentration of inhibitor. At 1 μg/mL, allosamidin induced higher inhibition than psammaplin after 1 h (respectively 20% and 0%) and 3 h (respectively 52% and 71%). In contrast, at 10 μg/mL, psammaplin A inhibited more aphid chitinase than allosamidin after 1 h (respectively 47% and 36%) and 3 h (respectively 73% and 50%). At 50 μg/mL, allosamidin and psammaplin A inhibited M. persicae chitinase in the same level and respectively induced 78% and 80% of inhibition, after 3 h. 
Discussion
Several chitinases were purified from bacteria and fungi for their potential use as biopesticide [13] . Although many chitinase genes have been described for trangenesis procedures, only few chitinases were purified from insects, mainly from Lepidopteran species [1, 17] . To purify M. persicae chitinase, we tested several procedures after DEAE chromatography (step 2, data not shown). Chitin and chitosan, the usual substrates tested as affinity matrix, did not allow the purification of M. persicae chitinase which only bound on Concanavalin A affinity column. With a 36-fold purification factor and 15% of recovery yield, the efficiency of M. persicae chitinase purification was in the range of the few previous insect chitinase purifications ranging from a 24 to 135 overall factor and 7% to 11% recovery rates, respectively [1, 12, 16] . On both 1D and 2D electrophoresis gels, the purified chitinase from M. persicae was estimated to be 31 kDa that represents an unusual low molecular weight compared with other insect chitinases. Molecular weights of insect chitinases range from 39 to 90 kDa. For example, in the lepidopteran B. mori, purified chitinases have molecular weights from 54 to 88 kDa [1] . A major 44-kDa digestive chitinase from Tenebrio molitor (Coleoptera) was also purified on SDS-PAGE [12] . The molecular weights estimated by SDS-PAGE for Tribolium castaneum (Coleoptera) and Drosophila melanogaster (Diptera) recombinant chitinases vary from 39 to 83 kDa, whereas their theoretical weights ranged from 39 to 58 kDa [34] . On M. persicae chitinase-related 2D gel, a smaller spot was detected at around 10 kDa. This has been also observed with some chitinases from Lepidoptera [19] and Coleoptera [12] that are extensively glycosylated and produce several smaller forms than conventional ones by proteolysis. The molecular weight of M. persicae chitinase determined by the mass spectrometry analysis is closer to plant proteins than other insect chitinases. In fact, M. persicae-purified chitinase did not cluster with other insect chitinases but matched with Concanavalin A and B from Canavalia spp., two chitinase-like proteins. This discrepancy where insect chitinase did not fit the systematic was also observed when a phylogenetic tree was built for T. molitor chitinase gene sequences [12] . Although Concanavalin B does not exhibit chitinase activity, this protein is known to share about 40% structural similarity with hevamine, a class III plant chitinase that belongs to the glycosyl hydrolase family 18 and has a molecular weight of 29 kDa [6, 14, 22, 30] . We determined that the chitinase of M. persicae had 38% of sequence recovery with Concanavalin B. Hevamine, M. persicae chitinase and Concanavalin B could be distantly related proteins that have evolved and adapted to their respective functions. The absence of enzymatic activity in Concanavalin B can be explained by a difference of 3D structure related to the replacement of a glutamate residue, which is the most critical residue in the active chitinase motif. This resulted in total loss of activity. A wide variety of enzymatically active and nonactive chitinases from GH18 family members, including growth factors and lectins in the holometabolous insects, appear to have evolved during development [2] .
The presence of several chitinase-related proteins in aphids is not surprising. The screening of the entire genome of the pea aphid, A. pisum, detected nine genes encoding putative chitinase-like proteins, including six enzymatically active chitinases, one imaginal disc growth factor, and one endo-beta-N-acetylglucosaminidase. Quantitative reverse transcription-PCR demonstrated the expression of four chitinase and two distinct chitinase-like genes of A. pisum [21] . Here, M. persicae chitinase matched with an acetylhydrolase found in A. pisum and platelet-activating factor acetylhydrolase (PAF hydrolase) from Drosophila, Aedes and Culex species. This kind of acetylhydrolase constitutes a subfamily of phospholipase specific for acyl chains [9] . The related phospholipids are key components of biological membranes and are the source of signaling molecules involved in many regulatory pathways associated with different physiological functions [8] . Particularly, the PAF factor binds to G protein-coupled receptors and activates a large range of cells [27] . Chitinases also induce the release of signaling molecules such as chito-oligosaccharides involved in physiological functions in plant meristems and embryos [13] .
Mass spectroscopy analysis also revealed that the chitinase of M. persicae matched with a fungal endochitinase from C. immitis. Consequently, M. persicae chitinase appeared to be different from other insect chitinases. Hypothesis on the change of functional constraints were developed to explain the divergences in insect chitinases [9] . The match between M. persicae chitinase, an endochitinase and a Concanavalin B suggests that it belongs to chitinases from family 18 such as previous insect chitinases studied so far that all have been shown to possess signature motifs characteristic of family 18 glycosyl hydrolases [2] .
The chitinolytic activity of M. persicae chitinase was evaluated by using allosamidin and psammaplin A, two important inhibitors of chitinases from family 18 including insect chitinases [25] . In a previous work, we reported the aphicidal effects (i.e. reduction of fecundity, increase of larval mortality, reduction of body size) of these two inhibitors [24] . Here, we confirm the direct and strong inhibition of M. persicae chitinase by allosamidin and psammaplin A, including at low concentrations (1 μg/mL). Allosamidin inhibitory activity was also tested on the plant-related chitinase, hevamine and the fungal C. immitis chitinase. In both cases, this inhibitor interacts with the chitinases and inhibits them. Because hevamine and C. immitis chitinase are members of the family 18 of chitinases, these results also support that M. persicae chitinase belongs to this family.
This study reported the first isolation and purification of an aphid chitinase. The purification is the preliminary step for characterisation process which will improve the understanding of insect chitinases. Further investigations would allow the identification of protein and gene sequences, to confirm the 'membership' of M. persicae chitinase to family 18 and to understand the differences between Lepidopteran, Coleopteran and Sternorrhyncha chitinases.
1D and 2D electrophoresis of M. persicae chitinase showed an unusual molecular weight compared with the other insect chitinases. This suggests that insect chitinases have evolved differently, opening the possibility to specifically and selectively target insect chitinases with appropriated inhibitors.
